ABSTRACT
uted over the two macrocycles (3) . However, a more recent high-resolution ENDOR study'on the bacterial system (4) has not revealed the halving of each coupling constant as expected for such a dimer. Previous ENDOR studies of P700' in Synechococcus lividus (3) and subchloroplast particles (5) suffered from the poorly resolved spectra obtained, and no firm conclusions could be drawn regarding the hyperfine coupling-constant reduction factors.
We now present a highly resolved ENDOR spectrum of P700' in spinach chloroplasts. [ An ENDOR spectrum of
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. P700' in Scenedesmus obliquus has been obtained recently by Lubitz (6) . The hyperfine splitting constants observed in this independent investigation are in excellent agreement with those given in Table 1 .] The resolution renders comparison with model compounds more accurate and suggests that a monomer structure for P700' can be used to account for the hyperfine couplings observed. Interaction of the chlorophyll macrocycle with its protein environment is proposed to decrease the energy splitting between ground and first excited state so that appreciable mixing of these two states occurs. The hybrid orbital that results has an unpaired spindensity distribution, which rationalizes the differences observed between in vitro and in vivo ENDOR spectra. EXPERIMENTAL Spinach chloroplasts were prepared as described (7) and suspended in a buffer system containing 0.4 M sucrose/0.05 M Hepes/0.01 M NaC.1, pH 7.6. The P700' species was generated either by freezing under illumination or by adding 10 mM ferricyanide prior to freezing'and, in both cases, was identical in g factor (2.0025) and linewidth (7.3 G; 1 G = tesla) to that previously ascribed to P700k (2, 5) . To check for possible contributions from PSII radicals to the ENDOR spectrum of P700' in chloroplasts, we have also obtained its ENDOR spectrum in PSI particles free of PSII (8) . The chlorophyll a (Chla) used was Aldrich reagent grade. The in vitro Chla' radical was generated by iodine oxidation of a 1 mM solution in degassed CH2Cl2/tetrahydrofuran (-5:1 
RESULTS
The ENDOR first-derivative spectrum of P700' in chloroplasts at 123 K is shown in Fig. 2a Table 1 for both the in vitro and in vivo species. The band at -14.7 MHz in both spectra corresponds to the matrix EN-DOR band and arises from purely dipolar interactions between the electron spin and its proton environment.
DISCUSSION
The coupling constants we obtain for in vitro Chla' (Table 1) are in good agreement with those obtained by Scheer et al. (9) . The only apparent discrepancy is that these workers attributed a value of 11 MHz to the 7-8 proton coupling, whereas we obtain an approximate value of 8 MHz for this band. This difference is principally due to the broad bands observed in both spectra, which render an accurate value difficult to obtain. The behavior of the band due to the 7-8 proton couplings on immobilization is best illustrated by the spectra of Davis et al. (10) . When the radical is rapidly tumbling in solution (Figure 4a in ref. 10 ), a distinct band due to the 7-8 protons is observed at 10.64 MHz. On immobilization this band is not resolved, due to severe broadening over a wide spectral range. This broadening phenomenon can be attributed principally to the inequivalence of the a-protons caused by different dihedral angle values (11) . Our in vitro spectrum (Fig. 2b) is also an immobilized spectrum and, similar to Davis et al. (10) , a 7-8 band at =10.6 MHz is not observed. A distinct broadening of the As band is noticeable, however, giving rise to a partially resolved A6 band at 8.0 MHz. Because of the higher resolution attainable in our spectrum (the Al and A4 bands of Fig. 2b are not resolved in ref. 10) , we attribute the A6 band to the broadened 7-8 band. This might suggest a lowering in the coupling value of these protons on immobilization; however, this is not borne out by the linewidth value, which remains at 9.0 G (10) . As the P700' spectrum is also an immobilized spectrum we assign the broad A6 band of Fig. 2a (14) . For the D1 excited state, spin density is localized primarily on the methine carbons and the pyrrole nitrogen atoms. A mixing of a small proportion of the D1 state with Do would lead to a redistribution of spin density from the a-carbon tramework. The 7-8 proton couplings are a monitor of this spin density and will be large when Do predominates and will decrease as the D1 contribution increases. The decreased value of these couplings for P700+ suggests that the D1 orbital contributes to the spin-density distribution of this species.
The above arguments assume a simple mixing of two orbitals to be responsible for the observed changes in the P700' ENDOR spectrum compared to that of the monomer cation in vitro. It should be possible to simulate these changes by comparing the decrease in spin density observed experimentally with that calculated from a theoretical model that allows for a contribution from the D1 orbital. In Table 2 we show the spin-density distribution obtained by mixing 25%
of the D1 state with 75% of Do. The spin densities for both Do and D1 were those calculated by Petke et al. (14) . We have also calculated the reduction factors in going from Do to the hybrid orbital. The theoretically predicted reduction factors for Cl, C~a, C3, C4, C17, C18, and Ca are in excellent agreement with experiment. Only for C5 do the experimental and calculated reduction factors vary by a significant margin. For the in vitro Chla+ species, however, theoretical calculations have been unsuccessful in predicing the large spin density found experimentally at C5 (14) . This asymmetry in the spin distribution has been attributed to the presence of the isocyclic ring V. As suggested above, the effect of nonplanity in ring V oh the C5 spin density is decreased considerably in vivo. The hybrid orbital model developed here does not allow for such an effect and hence the experimental reduction factor is considerably greater than the calculated value. In Fig. 2 the intensity of the A3 and A4 bands varies from the in vitro to the in vivo spectrum. A3 is present as an intense band In vitro, but in vivo the band has decreased in intensity considerably with a resultant clearer resolution of the A4 band. For the in vitro form, A3 is assigned to the coupling of the 4a and la protons. The decreased intensity of A3, plus the appearance of a new band A2 (Fig 2a; Table 1 ), indicates that the equivalence of these two groups is removed in vivo. The model developed above predicts such an occurrence, as Table 2 shows the calculated reduction factor for C4 is greater than that for the Cl group. For the in vivo form, therefore, we can assign values of 2.6 MHz and 1.85 MHz to groups la and 4a, respectively. The apparent increase in intensity of the Al band in vivo (Fig. 2) (16) . Wasielewski et al. (11) have also shown that the second moment value for 13C-enriched P700' has a similar value to that observed for 13C-enriched Chla' in vitro, which was interpreted to indicate that the spin density in P700' was distributed over one macrocyclic ring. It should be noted, however, that use of the 13C second-moment value to distinguish between monomeric and dimeric chlorophyll is of questionable value. A halving of the second-moment value for delocalization of spin density over two ring systems is usually only applicable to Gaussian lineshape signals, which is not the case for these 13C-enriched species (11, 17, 18) . Even assuming the applicability of this method it has also been shown that slight changes in the spin distribution can lead to quite pronounced variations in the second-moment value (19) .
Resonance Raman data reported by Lutz and coworkers (20, 21) are also supportive of a monomeric nature for membrane-bound chlorophyll. It is encouraging to note that the interactions shown to be occurring on the membrane environment by this technique, such as protein ligation to the central Mg atom and hydrogen bonding of the 9-keto-carbonyl group, are the perturbations suggested above to give rise to the spin redistribution observed for P700'.
The red shifts observed for the long absorption band of neutral P700 (_800 cm-') relative to the monomeric species in vitro had originally been attributed by Katz et al. (22) to large exciton interaction between two closely spaced chlorophyll molecules in a dimer model. However, recent data obtained by Davis and Pearlstein (23) using well characterized chlorophyll model systems have shown that such effects can also arise as the result of interaction of a monomer with its protein environment. In agreement with this result, Eccles and Honig (24) have recently showed the profound effects caused by neighboring charged amino acid residues on the red shifts observed for neutral Chia, BChla, and BChlb. It is of interest to speculate that the combination of ligation, hydrogen bonding, and charge effects contribute jointly to the lowering of the D1 orbital for P700'.
In conclusion, therefore, the ENDOR spectrum of P700' from PSI of higher plants indicates that P700' is a monomeric chlorophyll a cation radical species undergoing interactions (ligation, hydrogen bond, electrostatic) with its protein environment. We propose that these effects combine to cause an admixing of the first excited-state level, thereby altering the spin-density distribution when compared with the monomeric in vitro form. Previous results for P680' of PSII (10) indicate that a similar situation exists for this species. For the bacterial systems, the most recent ENDOR data of Lubitz (6) shows that the original symmetric dimer (special pair) proposed by Norris et sible. An alternative explanation may lie in an extension of the hybrid orbital model outlined above for P700' to the bacterial primary donors. We have recently done preliminary calculations that indicate that a similar admixing of groundand first excited-state orbitals outlined above for P700' accounts equally well for the spin-density reduction factors observed for the bacterial primary donor (26; unpublished data).
